Background and Aims Arcuate foramina (AF), the atlas bridges formed by a delicate bony spicule over the posterior arch of atlas, have been implicated in the compression of the vertebral artery during extreme rotation of head and neck movements. Reduction in the size of arcuate foramina as compared with foramen transversarium (FT) is also an important cause for the compression of vertebral artery. Aim of the present study was to determine the morphometric differences between complete AF and ipsilateral foramina transversaria. Materials and Methods Eighty dry adult human atlas vertebrae were obtained in the . Measurements were taken of the maximum dimensions of AF and ipsilateral FT and cross-sectional area was also calculated. Results The following results were obtained. The AF were seen in total 11 (13.75%) vertebrae, 3 (3.75%) on the right side, 6 (7.5%) on left side, and 2 (2.5%) bilateral.
Introduction
The foramen transversarium (FT) transmitting the vertebral vascular bundle and sympathetic plexus, in the transverse processes of the atlas makes it a unique vertebra where the third part of the vertebral artery enters the FT, turns backward and medially, and lies in the groove on posterior arch of the atlas. The groove may be shallow or deep, or at times, bony outgrowths may appear known as atlas bridges or ponticuli. 1 The latter may indicate anomalous ossification of the groove by oblique ligament of atlas, a fibrous tissue present at the lower border of posterior atlanto-occipital membrane converting the groove to form a complete or incomplete bony ring or arcuate foramen. 1, 2 The posterior bridge (retroarticular canal) was first reported by Macalister. 3 Later its detailed morphology studied by Macalister 4 and Le Double 5 has drawn attention of many anatomists since then. These bony bridges have been variously described as foramen sagittale atlantis, foramen atlantoideum posterior, Kimmerle variant, Canalis arteriae vertebralis, arcuate foramen, retrocondylar vertebral artery ring, retroarticular canal, atlas bridging, or the ponticuli. [6] [7] [8] [9] [10] [11] The external mechanical factors such as custom of carrying heavy objects on the head could play a role in the development of anomalies of the atlas. 12 Apart from absence or presence of accessory or double FT affecting the course of the vertebral artery (VA), 13 occurrence of arcuate foramina (AF) may also affect the course of the VA on its exit from the FT 14, 15 and may mislead the surgeon to believe that the posterior arch of the atlas vertebra is unduly thick, resulting in damage to the vertebral artery during C1-C2 screw fixation. 16, 17 Chances are also there that there is reduction in the size of the arcuate foramen to the size of foramen transversarium. 18 The difference in these dimensions will decrease the cross-sectional area of the space available for the VA passing through it, further result in alteration of blood flow in the vertebral vessels, 18 and may lead to symptoms of headache, vasomotor disturbances of the face and recurrent disturbances of swallowing and phonation constituting Barre-Lieou syndrome. 7, 19 Thus, maintaining the vertebral artery intact constitutes an important concern and the third segment of the VA may be a reserve length to allow for neck rotation without compression to the artery. There are limited studies comparing morphometry of the arcuate foramen and that of the ipsilateral foramen transversarium. Thus, aim of the present study was to measure the dimensions of complete AF and ipsilateral foramina transversaria and also to compare their morphometric differences as the difference in dimensions may result in compromised blood flow in the vessel. This might help explain the correlation between occurrence of the bony bridges or AF. This information is important for surgeons, radiologists, neurologists, and orthopedicians and these anatomical factors and vertebral artery entrapment should be taken into account in the therapeutic manipulation of the cervical spine.
Materials and Methods
Eighty dry adult human atlas vertebrae were obtained by maceration from the cadavers in the Department of Anatomy, Government Medical College and Sri Guru Ram Das Institute of Medical Sciences and Research, Amritsar, Punjab, India. Damaged atlas vertebrae were excluded from study.
The vertebrae were examined for the evidence of exostosis from posterior margin of superior articular facet. The complete AF were identified following the criteria used by Mitchell. 8 According to Mitchell, AF is posterior bridge or an osseous bridge that is formed between the posterior margin of superior articular facets and the posterior arch of the atlas and when complete forms the retroarticular canal. Arcuate Foramen Length (AFL): It is the maximum dimension of the AF in ventrodorsal plane, taken from posterior part of groove on the posterior arch of atlas to the root of superior articular surface and marked as V'D' (►Fig. 1).
Arcuate Foramen Height (AFH): It is the maximum dimension of the AF in superoinferior plane, taken from floor of the groove to inner part of the overlying bony strut and marked as SI (►Fig. 1). Foramen Transversarium Width (FTW): It is the maximum dimension of the FT in mediolateral plane and marked as ML (►Fig. 2).
The cross-sectional area of the ipsilateral AF and ipsilateral FT was calculated using the formula for the area of an ellipse 8 (Mitchell, 1988a) :
Where D1 = horizontal length of the foramen, D2 = vertical length of the foramen, and π = 3.14.
The student's t-test was applied to evaluate the difference between the mean of right side and left side of the vertebrae. Results were considered significant when p < 0.05.
Results
The following results were obtained:
• 11 (13.75%) bones out of 80 bones showed AF. The AF were seen in 3 (3.75%) vertebrae on right side, 6 (7.5%) vertebrae on left side, and 2 (2.5%) were bilateral. In terms of sides, out of 160 sides, 13 (8.12%) sides showed the AF presence, being the 5 (3.12%) on right side and 8 (5%) on left side, respectively (►Table 1). • The mean ventrodorsal (AFL) and superoinferior (AFH) diameter of the AF was 8.79 mm and 5.98 mm on the right side and 8.11 mm and 5.54 mm on the left side, respectively, and the difference between these two diameters was found to be highly significant (right AFL and right AFH p = 0.00) and (left AFL and Left AFH p = 0.00) (►Table 2). • The mean ventrodorsal (FTL) and mediolateral (FTW) diameter of the FT was 8.19 mm and 6.56 mm on the right side and 7.31 mm and 6.86 mm on the left Side, respectively, and there was significant difference between these two on the right side (right FTL and right FTW p = 0.013]). As opposed to the right side there was no statistically significant difference between these two parameters on the left side (left FTL and left FTW p = 0.222) (►Table 2). • Left FTW was significantly more than left AFH (p = 0.001).
No statistically significant difference was found between the right FTW and right AFH (p = 0.115) (►Table 2). • The difference between the mean AFL and FTL of right as well as left sides was found to be statistically insignificant; that is, right FTL and right AFLp = 0.219; left FTL and left AFL p = 0.139 (►Table 2). 
Discussion
Morphological and morphometric knowledge of AF and ipsilateral FT, is clinically important as the vertebral artery (VA) passes through it and differences in their dimensions particularly larger dimensions of FT as compared with AF may lead to the compression of VA. A glance at ►Table 1 reveals that in the present study, the AF were seen in total 11 (13.75%) vertebrae out of 80, 3 (3.75%) being on the right side, 6 (7.5%) on the left side, and 2 (2.5%) bilateral. This is within the range described by previous authors in different populations. 8, 20 In the present study, ►Table 2 depicts the values obtained for AF and FT. For the AF the mean AFL was 8.79 mm on the right side and 8.11 mm on the left side. The mean AFH was 5.98 mm on the right and 5.54 mm on the left side. Our results showed AFL significantly larger than the AFH on both right and left sides (p = 0.000). It is, therefore, possible that the vertebral artery is compressed superoinferiorly. 8 For the foramen transversarium (FT) the mean FTL was 8.19 mm and 7.31 mm, whereas the mean FTW was 6.56 mm and 6.86 mm on right and left sides of atlas vertebra, respectively. The mean FTL on the right side was significantly larger than the FTW (p = 0.013) whereas on left side FTL and FTW was found to be insignificant (p = 0.222) in the present study. It is also evident from ►Table 2 that there was a significant difference between the mean left FTW and left AFH (p = 0.001).
As opposed to left, the mean right FTW and right AFH was found to be insignificant (p = 0.115). Dimensions of FTL and AFL were also calculated on both the sides but were found to be statistically insignificant. A look at the comparative analysis of ►Table 4 elucidates that the AF and FT dimensions (AFL, AFH, FTL, and FTW) showed no major differences when compared with studies done by previous researchers. 8, 9, 18, [21] [22] [23] However, there was no mention of AFH by Tubbs et al in American and Iranian population. 18, 21 It is also revealed from ►Table 4 that the AFL was more than the AFH in the studies done by previous researchers in South African, Indian (Uttar Pradesh and Tamil Nadu), American, Iranian and Kenyan population. 8, 9, 18, [21] [22] [23] The measurements of FTL and FTW are in concordance with the studies of previous researchers. 9, 22, 23 However there was paucity of information on the dimensions of ipsilateral FTL and FTW in South African, American, and Iranian population. 8, 18, 21 As revealed from ►Tables 3 and 5 , the mean cross-sectional area of the AF in the present study was 41.32 mm 2 and 35.38 mm 2 on right and left sides, respectively. It was found to be higher in the present study than in South African, 8 American, 18 Iranian, 21 and Kenyan population 22 and less than in UP and Tamil Nadu population. 9, 23 Most probably the difference might be due to racial factors and ethnic variations. The mean cross-sectional area of the right FT was 42.53 mm 2 while that of the left was 39.71 mm 2 and comparative analysis of ►Table 5 shows that this is significantly higher than that measured among Iranian 21 and Kenyans 22 and less than that measured among UP population. 9 No mention has been made about the ipsilateral FT area among South African, American, and Tamil Nadu population. 8, 18, 23 More notable is the fact that the cross-sectional area of AF was found to be smaller than FT; however, the findings were statistically insignificant. This concurs with the findings of previous researchers. 9, 18, 21, 22 This difference in the dimensions of the complete AF and ipsilateral FT of the atlas suggests that the space for vertebral artery to pass through is reduced, resulting in compromised blood flow in the vessel specially during extreme rotational movements of the head and neck. 8, 24 Our study supports previous assertions that presence of complete AF may lead to compression of the vertebral artery in the absence of arterial disease and may be an aggravating factor in case of disease. 8, 24 This compression becomes evidently symptomatic in extreme manipulations of the neck. 19, 25 The presence of this foramen has been associated with chronic tension-type headaches and sensorineural hearing loss 26 and shoulder as well as arm pain, neck pain, and vertigo. 27 It has also been implicated as a cause of vertebral artery dissection and stroke in children due to tethering of the vertebral artery within it. 28 Osteophytes that narrow the mediolateral diameter can also distort or decrease the inner lumen of the FT and arcuate foramina which can further lead to compression of vertebral artery and compromised blood flow. 29, 30 Thus it is emphasized that bony bridge forming AF may cause external pressure on the vertebral artery as the latter passes through it to the foramen magnum 31 and may lead to further dilatation or tortuosity of VA and ultimately its insufficiency. 32 
Conclusion
This is among the first study providing information on the morphometry of complete AF and ipsilateral FT and their implications in Punjab, and the results are comparable to that in other populations. The observation of the area of arcuate foramina being smaller than the ipsilateral FT suggests that they are an important cause of vertebral artery compression. Thus, knowledge of such variations of the atlas vertebra is important for radiologists, otolaryngologists, neurologists, and orthopedicians. It is suggested that a correlation should be worked out between dimensions of Ponticuli, FT, and VA by angiograms, X-rays, and clinical symptoms, keeping in view the valuable inputs from the study of osteology and dissection of the cadavers. Patients presenting with vertebrobasilar insufficiency, vertebral artery dissection, and cervicogenic syndromes should be evaluated to explore the possibility of the presence of atlas bridges as etiological factor.
